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Abstract  
 
Sepiolite with homogeneous zirconia nanoparticles distribution has been added to a 
transparent ceramic glaze to study opacification, mechanical and wear resistance 
properties. It has been observed that monodispersed zircon single crystals with needle-
like shape have been formed in the ceramic glaze. These in-situ zircon single crystals 
give white color and increase opacification (L=94 vs L=90), mechanical properties 
(hardness and toughness) and wear resistance by a factor of 4 compared to the 
commercial crystalline glaze containing a similar fraction of micrometer commercial 
zircon.  
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1.Introduction 
 
An economically relevant aspect of the ceramic companies is the optimization and 
improvement of the opacity as well as mechanical properties (mostly wear resistance) in 
glazes
1-4
. Specially, a relevant problem of manufacturers is the wear and tear that occurs 
in glazes
5,6
. To overcome this faulty behaviour, it is customary to introduce particles 
with higher toughness into the frits to avoid detachment and thus, improving the wear 
resistance. Presently, one of the most widespread additives in the composition of glazes 
is the zirconium silicate (zircon) because its relatively low cost (it is a natural silicate) 
and its performance, such as higher scratch hardness, stability against temperature 
changes of firing, chemical stability and higher wear resistance, better than other 
additives traditionally used
7
.  Zircon is usually incorporated directly in the formulation 
of ceramic frits before firing, but it can also be synthesized “in situ” by adding zirconia 
in the composition of the silica based frit during the thermal treatment. This mineral has 
a high melting point 
5,8,9
 and it is used to increase the wear resistance, impact resistance, 
thermal shock and chemical attack of the glaze. However, due to rising prices in the 
market and potential supply problems, the current tendency is to decrease the amount of 
this substance or even to replace it by other less expensive materials, 
10-12
. 
Opacification is another highly sought after property in the manufacture of ceramic 
glazes. Due to its high refractive index, zirconia and milled or micronized zircon are 
used as opacifier for tile glazes and porcelain enamels
13,14
. Particle size is also a relevant 
factor to take into account in the opacification of glazes. The smaller the particle size of 
zircon is, the greater the opacity will be obtained. The fraction of zircon added to the frit 
to achieve a good opacified level differs according to different authors (8-20 wt.%)
13,15
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In the present work, metastable tetragonal zirconia phase nanoparticles have been 
synthesized on sepiolite fibers to avoid coalescence and agglomeration.  
We propose a new safe method to introduce zirconia nanoparticles in a commercial 
ceramic frit and to obtain a multifunctional new ceramic glaze with zircon single 
crystals, which increase the mechanical properties, opacity as well as wear resistance of 
the original crystalline frit. 
 
2. Experimental procedure 
 
Natural sepiolite mineral from Vicalvaro-Vallecas (Tolsa, Spain) has been purified and 
micronized by a wet process to obtain a final product more than 95% content of 
sepiolite. The sepiolite needle-like particles have a length ranging from 0.2 to 2 μm and 
a thickness of 20–100 nm. Structural channels of 0.5 nm x 1.1 nm extend all along the 
long dimension of the fibers. Zirconia nanoparticles were obtained following the 
synthesis process described in a previous work
16
 using ZrOCl2•8H2O as reagent. 
Nanoparticles were shyntesized adjusting NaOH to stabilize the pH of the suspension at 
pH 8 in order to precipitate the corresponding metal hydroxide into the octahedral 
position of lixiviated magnesium
17
. The obtained precursor was calcined at 900ºC for 2h 
in air and the final concentration of zirconia in sepiolite was 50 wt. %. The obtained 
zirconia nanoparticles remained in a stable tetragonal phase. 
The sepiolite-ZrO2 calcined at 900 ºC powder was subsequently mixed with a 
commercial ceramic frit (15 wt.%) in an agate mortar. Pellets from the powder were 
obtained by uniaxial pressing at 50 MPa and were heated at 1220º for 5 min to become 
in a glaze. 
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 The  composition of the frit used was: 66,87 wt.% SiO2, 0,07 wt.% Fe2O3, 10,99 wt. % 
ZnO, 3 wt. % MgO, 0,02 wt.% Na2O, 5 wt.% Al2O3, 1,98 wt.% K2O, and 11,97 wt.% 
CaO.  
Commercial frit samples with and without zircon (Zircomin, Colorobia, Spain) were 
used as reference to study the mechanical, optical and wear behaviour. An equivalent 
zircon quantity (11 wt.%) was used taken into account the quantity of zirconia in 
sepiolite. 
Samples have been labelled as follows: Fr for commercial frit, FZr for frit with 
commercial zircon and FSZr for frit with sepiolite-ZrO2. Solid samples were polished 
with 1μm abrasive diamond paste, to obtain a flat surface to make the wear test. Wear 
resistance of materials was studied by using a “ball-on-disk” type wear test under 
ambient dry conditions in a Microtest tribometer (model MT/60/NI) in conformity with 
ASTM G99, using alumina balls
18-20
. The applied load (FN) was 6N and tests lasted 10 
h, which corresponded to a sliding distance (S) of 1500 m. Pellets were introduced in an 
epoxy resin, and then they were cut into plates to make XRD diffraction. X-ray 
diffraction patterns were recorded in a Bruker D8 diffractometer using CuKα radiation. 
Transmission electron microscopy (TEM) images were taken by a JEOL microscope 
model FXII operating at 200 Kv. Scanning electron microscopy Nova TM NanoSEM-
FEI Company was used for the observation of microstructures of zircon particles and 
worn surface of the samples. UV–Vis diffuse reflectance measurement was performed 
on rough surfaces by a Jasco v-660 (Tokyo, Japan) spectrophotometer with a diffuse 
reflectance attachment. Reflective index measurements were recorded on optically 
polished surfaces by an Sopra GES-5E ellipsometer equiped with a spectrometer and a 
photomultiplier operative in the range from 200 to 850 nm lightened with a xenon short 
arc lamp, at an incidence angle of 75º. The Vickers hardness, HV, of the samples was 
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determined by microindentation (Buehler model Micromet 5103) on samples surfaces 
polished down to 1 micron, applying a 1.96 N load with an indentation time of 10 s. The 
magnitude of the Vickers hardness was determined according to, 
 
2
854.1
d
P
HV               (1) 
 
where P is the applied load (N) and d is the diagonal length (m). 
The fracture toughness was also determined by microindentation, but for this specific 
property, the applied load was 4.9 N with an indentation time of 10 s. The fracture 
toughness was calculated using the formula given by Miranzo and Moya
21 
In order to estimate correctly the volume losses, the track profiles were analysed with a 
surface profilometer (Talysurf CLI 500, Taylor Hobson, Leicester, UK) that maps the 
surface by putting a stylus in mechanical contact with the sample. The stylus arm has 
90⁰ conisphere diamond styli with 2 µm nominal radius tip. The data sampling interval 
in X and Y was 0.5 µm and 2.5 µm respectively. The resolution (Z) was 32 nm. The 
profilometer was used to determine the three-dimensional surface topographic maps, so 
track volumes were estimated and, hence, Eq. (2) could be applied. 
SF
V
W
N

          
(2) 
Being W the wear rate (mm
3
/Nm), ΔV the volume loss after the tests (mm3), FN the 
applied load (N) and S the sliding distance (m). 
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3. Results  
 
The X-ray diffraction pattern corresponding to sepiolite powder, sepiolite-ZrO2 and 
sepiolite-ZrO2 calcined at 900ºC are shown in Figure 1. As it can be observed, only 
sepiolite diffraction peaks (Fig.1a) appear in the sepiolite-ZrO2 precursor sample 
(Fig.1b). However, when this sample was heated at 900ºC the t-ZrO2 diffraction peaks 
are present (Fig.1c). The peaks corresponding to tetragonal zirconia are quite broad, 
indicating that zirconia particles have a nanostructured character.  
The morphology and the particle size distribution of the samples were studied by TEM. 
As observed in Fig.2, in the sample heated at 900ºC, the particle size distribution seems 
to be bimodal, probably due to the high zirconia concentration in the fibers (50 wt. %), 
where original 7 nm zirconia nanoparticles coexist with large agglomerates (20 nm).   
The X-ray diffraction patterns of the obtained glazes are shown in Fig. 3. As it can be 
seen in Figure 3a, the Fr sample presents no peaks as it corresponds to glassy phase. In 
the case of FZr and FSZr samples, zircon peaks appear (Fig. 3b and 3c respectively). 
The absence of peaks of zirconia (tetragonal or monoclinic phase) indicates that zirconia 
particles reacted with silica to form zircon during firing. A small amount of calcium 
silicate (wollastonite) also appears. 
The size, shape and distribution of zircon particles can be observed by SEM (Fig. 4). 
The surface of the samples was previously treated with diluted HF to obtain a clearer 
morphology of the particles. Figure 4 shows that zircon single crystals formed in situ by 
introducing sepiolite-ZrO2 in the commercial frit (Fig. 4a-b), have a narrower size 
distribution than the FZr sample with incorporated commercial zircon (Fig. 4c-d). In 
contrast with the irregular shape from zircon particles of FZr sample, these particles 
show a needle-like shape with a dimension of 1-2 μm length and 200-300 nm width. 
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Figure 5 shows the surface topography of the three-dimensional wear tracks for all 
materials studied after sliding against pure alumina ball. From the 3D wear track surface 
topographies, the corresponding wear rate, was estimated and summarized in Table I. In 
both Fr (Fig. 5a) and FZr samples (Fig. 5b) the wear track depth is similar, but much 
higher than in the FSZr sample (Fig. 5c), indicating a higher removed volume. The wear 
rate of FSZr sample decreases down to four times compared to the wear rate of glaze 
with commercial zircon (FZr) and commercial frit (Fr) (Fig 5d). 
The worn surface of the samples was studied by SEM in order to determine the 
operating wear mechanism. In Fr (Fig.6a) and FZr (Fig. 6b) samples, pull out and 
material detachment from glaze were observed in a large area of worn surface. The 
formation of a large number of cracks and sharp edges can be observed. FSZr sample 
presented a different worn surface (Fig. 6c). A relatively smooth region was observed 
and no microcracks or microfractures were found at the contact surface. Moreover, it 
can be observed a good distribution of zircon particles in the entire surface, which is an 
important factor affecting the wear rate of this glaze.  
In Figure 7a, hardness increases corresponding to the containing 11% zircon with 
respect to the crystalline glaze, can be observed. Fr glaze has a Hv value of 5.7 GPa, 
while the hardness value for glaze containing zircon increases up to 6.1 and 6.3 GPa for 
FZr and FSZr respectively. Toughness value (KIC) also increases with the incorporation 
of zircon to a glaze. In the particular case of the zircon formed during firing, a higher 
toughness value and less dispersion in the measures (0.9±0.09 MPa.m
1/2
) than for the 
commercial zircon addition case (0.7±0.18 MPa.m
1/2
) is obtained (Fig 7b). 
The optical properties of the studied samples are reported in Table II. The largest L
*
 
value, that represents the brightness or whiteness in CIELAB color space, corresponds 
with FSZr sample with a value of 94.05 while samples FZr and Fr have values of 90.05 
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and 67.71 respectively. Finally, reflective measurements report a notable increase of the 
reflective index (at =500 nm) for the FSZr sample n=1.5887 in respect to the one 
corresponding to transparent frit Fr n=1.5287. Just for comparison sake, the refractive 
index corresponding to frit with zircon FZr presents a value of n=1.573. 
 
4. Discussion 
 
It is well known that a good zircon dispersion improves opacification
8,15
, mechanical 
properties and wear resistance of the glazes
22
. We have herewith used sepiolite as a 
carrier to support and disperse zirconia nanoparticles and then to introduce them in a 
glassy matrix to obtain a glaze. Sepiolite plays an important role in the distribution of 
the particles and thereby avoids coalescence. Particles are embedded into sepiolite fibers 
avoiding the growth of particles even at high temperature. Moreover sepiolite provides 
the required silica to react with zirconia nanoparticles forming dispersed needle-like 
shaped zircon single crystals network with a homogenous size
17
. This raw material in 
turn, can be mixed with a frit and thus obtain a good dispersion of particles when 
sepiolite is dissolved in the glaze. Particles of zirconia react in the firing cycle at 1220ºC 
with silica that belong to sepiolite and/or frit, to form zircon with the same distribution 
as zirconia. The presence of a small fraction of wollastonite and zircon in the glaze can 
be rationalized considering the SiO2-ZrO2-CaO equilibria diagram
23
 and assuming for 
simplicity reasons, Na2O, K2O, MgO, and ZnO in CaO. Obviously, the real temperature 
of the peritectic corresponding to cristoballite-zircon-wollastonite of this ternary system 
(1436ºC) in our multicomponent glaze must be significantly lower. Then, the presence 
of wollastonite at 1220ºC is thus feasible. In the case of the FZr sample, the hardness 
value also increases with respect to the frit and it was similar to the FSZr sample, 
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although the standard deviation is higher. Dispersion is an important factor in hardness, 
because a bad dispersion would produce a gradient in the hardness values. Similarly, 
toughness also increases in both, but it increases twice in the case of sample FSZr. This 
is most likely due to their needle-like shape zircon particles network.  
The evolution of the loss volume values corresponding to wear test for Fr and FZr 
samples suggests that the wear mechanism in both materials seems to be similar. The 
worn surface shows evidence of cracking and pullout (Fig 6). Oppositely the wear rate 
and the wear mechanism in the FZr and FSZr samples which have the same amount of 
zircon are totally different. Better dispersion and needle-like shape zircon single crystal 
grains in the FSZr sample result in higher values for both toughness and hardness, with 
a lower statistical dispersion, preventing to a greater extent the formation and 
propagation of cracks in the material. In this sense, the main operating wear mechanism 
is abrasion which is consistent with the data obtained from wear rate (Table I). Sample 
FZr has a higher toughness than crystalline glaze in located areas, but the formation of 
cracks is not inhibited due to uneven distribution of zircon particles, and thus these are 
formed and propagated through glass brittle matrix material. Because of this, the 
formation of microcracks in wear track facilitates the removal of material and therefore 
increases wear rate with respect to FSZr sample. 
Opacification is determined by small particles light scattering. In this regard, Rayleigh 
scattering regime, which corresponds to particles much smaller than the wavelength is 
the optimal one. Moreover, this scattering increases with the square power of the 
refractive index contrast
24
. In this sense, zircon and preferentially zirconia, which have 
very large refractive indices (n=1.94 and 2.16 respectively) and a small particle size 
become very efficient scatter centres and consequently good opacification agents. In 
addition to whitening or opacification, the inclusion of zirconia and zircon particles is 
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able to raise the effective refractive index, and consequently the reflection coefficient. 
Refractive index measurements reported in Table II show that the FSZr sample presents 
the largest increase of the refractive index in comparison with that of the frit (larger 
refractive index implies larger reflectivity), which suggests that this opacification 
method produces zircon and/or zirconia particles perfectly embedded into the glassy frit 
without bubbles, cracks or any other imperfections which could reduce the effective 
refractive index,. The CIELAB luminance labelled as L*, the parameter which takes 
into account the diffuse reflecting power, increases for larger values of n. FSZr sample 
presents a very high L
*
 value and better than the commercial containing zircon glazes.  
Consequently, it can be inferred that Sepiolite-ZrO2 sample introduce a larger added 
value than the one containing commercial zircon, or even higher than other glazes 
reported in literature with similar zircon content
15,25
. 
 
Conclusions 
 
The following conclusions can be drawn: 
- It has been proved that by the addition (15 wt%) of sepiolite-nZrO2 (50 wt%) to a 
commercial transparent ceramic frit, an arrangement of needle-like zircon single crystal 
( 1 µm) is formed in-situ during the firing cycle at 1220 ºC. 
- The wear rate of the obtained glaze was found to be 4 times lower than the one 
corresponding to a conventional glaze with a similar fraction (11wt%) of zircon sand. 
- The toughness (KIC) of the obtained glaze (0.9±0.09 MPa.m
1/2
) was found to be almost 
twice the one corresponding to commercial transparent one (0.5±0.08 MPa.m
1/2
). 
- The L* values (opacity) and reflectivity of the obtained glaze was found to be 94 vs 90 
for the frit with commercial zircon. 
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Abstract  
 
Sepiolite with homogeneous zirconia nanoparticles distribution has been added to a 
transparent ceramic glaze to study opacification, mechanical and wear resistance 
properties. It has been observed that monodispersed zircon single crystals with needle-
like shape have been formed in the ceramic glaze. These in-situ zircon single crystals 
give white color and increase opacification (L=94 vs L=90), mechanical properties 
(hardness and toughness) and wear resistance by a factor of 4 compared to the 
commercial crystalline glaze containing a similar fraction of micrometer commercial 
zircon.  
 
Keywords: Ceramic glaze; Nanocomposites; Mechanical properties; Wear resistance; 
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1.Introduction 
 
An economically relevant aspect of the ceramic companies is the optimization and 
improvement of the opacity as well as mechanical properties (mostly wear resistance) in 
glazes
1-4
. Specially, a relevant problem of manufacturers is the wear and tear that occurs 
in glazes
5,6
. To overcome this faulty behaviour, it is customary to introduce particles 
with higher toughness into the frits to avoid detachment and thus, improving the wear 
resistance. Presently, one of the most widespread additives in the composition of glazes 
is the zirconium silicate (zircon) because its relatively low cost (it is a natural silicate) 
and its performance, such as higher scratch hardness, stability against temperature 
changes of firing, chemical stability and higher wear resistance, better than other 
additives traditionally used
7
.  Zircon is usually incorporated directly in the formulation 
of ceramic frits before firing, but it can also be synthesized “in situ” by adding zirconia 
in the composition of the silica based frit during the thermal treatment. This mineral has 
a high melting point 
5,8,9
 and it is used to increase the wear resistance, impact resistance, 
thermal shock and chemical attack of the glaze. However, due to rising prices in the 
market and potential supply problems, the current tendency is to decrease the amount of 
this substance or even to replace it by other less expensive materials, 
10-12
. 
Opacification is another highly sought after property in the manufacture of ceramic 
glazes. Due to its high refractive index, zirconia and milled or micronized zircon are 
used as opacifier for tile glazes and porcelain enamels
13,14
. Particle size is also a relevant 
factor to take into account in the opacification of glazes. The smaller the particle size of 
zircon is, the greater the opacity will be obtained. The fraction of zircon added to the frit 
to achieve a good opacified level differs according to different authors (8-20 wt.%)
13,15
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In the present work, metastable tetragonal zirconia phase nanoparticles have been 
synthesized on sepiolite fibers to avoid coalescence and agglomeration.  
We propose a new safe method to introduce zirconia nanoparticles in a commercial 
ceramic frit and to obtain a multifunctional new ceramic glaze with zircon single 
crystals, which increase the mechanical properties, opacity as well as wear resistance of 
the original crystalline frit. 
 
2. Experimental procedure 
 
Natural sepiolite mineral from Vicalvaro-Vallecas (Tolsa, Spain) has been purified and 
micronized by a wet process to obtain a final product more than 95% content of 
sepiolite. The sepiolite needle-like particles have a length ranging from 0.2 to 2 μm and 
a thickness of 20–100 nm. Structural channels of 0.5 nm x 1.1 nm extend all along the 
long dimension of the fibers. Zirconia nanoparticles were obtained following the 
synthesis process described in a previous work
16
 using ZrOCl2•8H2O as reagent. 
Nanoparticles were shyntesized adjusting NaOH to stabilize the pH of the suspension at 
pH 8 in order to precipitate the corresponding metal hydroxide into the octahedral 
position of lixiviated magnesium
17
. The obtained precursor was calcined at 900ºC for 2h 
in air and the final concentration of zirconia in sepiolite was 50 wt. %. The obtained 
zirconia nanoparticles remained in a stable tetragonal phase. 
The sepiolite-ZrO2 calcined at 900 ºC powder was subsequently mixed with a 
commercial ceramic frit (15 wt.%) in an agate mortar. Pellets from the powder were 
obtained by uniaxial pressing at 50 MPa and were heated at 1220º for 5 min to become 
in a glaze. 
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 The  composition of the frit used was: 66,87 wt.% SiO2, 0,07 wt.% Fe2O3, 10,99 wt. % 
ZnO, 3 wt. % MgO, 0,02 wt.% Na2O, 5 wt.% Al2O3, 1,98 wt.% K2O, and 11,97 wt.% 
CaO.  
Commercial frit samples with and without zircon (Zircomin, Colorobia, Spain) were 
used as reference to study the mechanical, optical and wear behaviour. An equivalent 
zircon quantity (11 wt.%) was used taken into account the quantity of zirconia in 
sepiolite. 
Samples have been labelled as follows: Fr for commercial frit, FZr for frit with 
commercial zircon and FSZr for frit with sepiolite-ZrO2. Solid samples were polished 
with 1μm abrasive diamond paste, to obtain a flat surface to make the wear test. Wear 
resistance of materials was studied by using a “ball-on-disk” type wear test under 
ambient dry conditions in a Microtest tribometer (model MT/60/NI) in conformity with 
ASTM G99, using alumina balls
18-20
. The applied load (FN) was 6N and tests lasted 10 
h, which corresponded to a sliding distance (S) of 1500 m. Pellets were introduced in an 
epoxy resin, and then they were cut into plates to make XRD diffraction. X-ray 
diffraction patterns were recorded in a Bruker D8 diffractometer using CuKα radiation. 
Transmission electron microscopy (TEM) images were taken by a JEOL microscope 
model FXII operating at 200 Kv. Scanning electron microscopy Nova TM NanoSEM-
FEI Company was used for the observation of microstructures of zircon particles and 
worn surface of the samples. UV–Vis diffuse reflectance measurement was performed 
on rough surfaces by a Jasco v-660 (Tokyo, Japan) spectrophotometer with a diffuse 
reflectance attachment. Reflective index measurements were recorded on optically 
polished surfaces by an Sopra GES-5E ellipsometer equiped with a spectrometer and a 
photomultiplier operative in the range from 200 to 850 nm lightened with a xenon short 
arc lamp, at an incidence angle of 75º. The Vickers hardness, HV, of the samples was 
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determined by microindentation (Buehler model Micromet 5103) on samples surfaces 
polished down to 1 micron, applying a 1.96 N load with an indentation time of 10 s. The 
magnitude of the Vickers hardness was determined according to, 
 
2
854.1
d
P
HV               (1) 
 
where P is the applied load (N) and d is the diagonal length (m). 
The fracture toughness was also determined by microindentation, but for this specific 
property, the applied load was 4.9 N with an indentation time of 10 s. The fracture 
toughness was calculated using the formula given by Miranzo and Moya
21 
In order to estimate correctly the volume losses, the track profiles were analysed with a 
surface profilometer (Talysurf CLI 500, Taylor Hobson, Leicester, UK) that maps the 
surface by putting a stylus in mechanical contact with the sample. The stylus arm has 
90⁰ conisphere diamond styli with 2 µm nominal radius tip. The data sampling interval 
in X and Y was 0.5 µm and 2.5 µm respectively. The resolution (Z) was 32 nm. The 
profilometer was used to determine the three-dimensional surface topographic maps, so 
track volumes were estimated and, hence, Eq. (2) could be applied. 
SF
V
W
N

          
(2) 
Being W the wear rate (mm
3
/Nm), ΔV the volume loss after the tests (mm3), FN the 
applied load (N) and S the sliding distance (m). 
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3. Results  
 
The X-ray diffraction pattern corresponding to sepiolite powder, sepiolite-ZrO2 and 
sepiolite-ZrO2 calcined at 900ºC are shown in Figure 1. As it can be observed, only 
sepiolite diffraction peaks (Fig.1a) appear in the sepiolite-ZrO2 precursor sample 
(Fig.1b). However, when this sample was heated at 900ºC the t-ZrO2 diffraction peaks 
are present (Fig.1c). The peaks corresponding to tetragonal zirconia are quite broad, 
indicating that zirconia particles have a nanostructured character.  
The morphology and the particle size distribution of the samples were studied by TEM. 
As observed in Fig.2, in the sample heated at 900ºC, the particle size distribution seems 
to be bimodal, probably due to the high zirconia concentration in the fibers (50 wt. %), 
where original 7 nm zirconia nanoparticles coexist with large agglomerates (20 nm).   
The X-ray diffraction patterns of the obtained glazes are shown in Fig. 3. As it can be 
seen in Figure 3a, the Fr sample presents no peaks as it corresponds to glassy phase. In 
the case of FZr and FSZr samples, zircon peaks appear (Fig. 3b and 3c respectively). 
The absence of peaks of zirconia (tetragonal or monoclinic phase) indicates that zirconia 
particles reacted with silica to form zircon during firing. A small amount of calcium 
silicate (wollastonite) also appears. 
The size, shape and distribution of zircon particles can be observed by SEM (Fig. 4). 
The surface of the samples was previously treated with diluted HF to obtain a clearer 
morphology of the particles. Figure 4 shows that zircon single crystals formed in situ by 
introducing sepiolite-ZrO2 in the commercial frit (Fig. 4a-b), have a narrower size 
distribution than the FZr sample with incorporated commercial zircon (Fig. 4c-d). In 
contrast with the irregular shape from zircon particles of FZr sample, these particles 
show a needle-like shape with a dimension of 1-2 μm length and 200-300 nm width. 
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Figure 5 shows the surface topography of the three-dimensional wear tracks for all 
materials studied after sliding against pure alumina ball. From the 3D wear track surface 
topographies, the corresponding wear rate, was estimated and summarized in Table I. In 
both Fr (Fig. 5a) and FZr samples (Fig. 5b) the wear track depth is similar, but much 
higher than in the FSZr sample (Fig. 5c), indicating a higher removed volume. The wear 
rate of FSZr sample decreases down to four times compared to the wear rate of glaze 
with commercial zircon (FZr) and commercial frit (Fr) (Fig 5d). 
The worn surface of the samples was studied by SEM in order to determine the 
operating wear mechanism. In Fr (Fig.6a) and FZr (Fig. 6b) samples, pull out and 
material detachment from glaze were observed in a large area of worn surface. The 
formation of a large number of cracks and sharp edges can be observed. FSZr sample 
presented a different worn surface (Fig. 6c). A relatively smooth region was observed 
and no microcracks or microfractures were found at the contact surface. Moreover, it 
can be observed a good distribution of zircon particles in the entire surface, which is an 
important factor affecting the wear rate of this glaze.  
In Figure 7a, hardness increases corresponding to the containing 11% zircon with 
respect to the crystalline glaze, can be observed. Fr glaze has a Hv value of 5.7 GPa, 
while the hardness value for glaze containing zircon increases up to 6.1 and 6.3 GPa for 
FZr and FSZr respectively. Toughness value (KIC) also increases with the incorporation 
of zircon to a glaze. In the particular case of the zircon formed during firing, a higher 
toughness value and less dispersion in the measures (0.9±0.09 MPa.m
1/2
) than for the 
commercial zircon addition case (0.7±0.18 MPa.m
1/2
) is obtained (Fig 7b). 
The optical properties of the studied samples are reported in Table II. The largest L
*
 
value, that represents the brightness or whiteness in CIELAB color space, corresponds 
with FSZr sample with a value of 94.05 while samples FZr and Fr have values of 90.05 
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and 67.71 respectively. Finally, reflective measurements report a notable increase of the 
reflective index (at =500 nm) for the FSZr sample n=1.5887 in respect to the one 
corresponding to transparent frit Fr n=1.5287. Just for comparison sake, the refractive 
index corresponding to frit with zircon FZr presents a value of n=1.573. 
 
4. Discussion 
 
It is well known that a good zircon dispersion improves opacification
8,15
, mechanical 
properties and wear resistance of the glazes
22
. We have herewith used sepiolite as a 
carrier to support and disperse zirconia nanoparticles and then to introduce them in a 
glassy matrix to obtain a glaze. Sepiolite plays an important role in the distribution of 
the particles and thereby avoids coalescence. Particles are embedded into sepiolite fibers 
avoiding the growth of particles even at high temperature. Moreover sepiolite provides 
the required silica to react with zirconia nanoparticles forming dispersed needle-like 
shaped zircon single crystals network with a homogenous size
17
. This raw material in 
turn, can be mixed with a frit and thus obtain a good dispersion of particles when 
sepiolite is dissolved in the glaze. Particles of zirconia react in the firing cycle at 1220ºC 
with silica that belong to sepiolite and/or frit, to form zircon with the same distribution 
as zirconia. The presence of a small fraction of wollastonite and zircon in the glaze can 
be rationalized considering the SiO2-ZrO2-CaO equilibria diagram
23
 and assuming for 
simplicity reasons, Na2O, K2O, MgO, and ZnO in CaO. Obviously, the real temperature 
of the peritectic corresponding to cristoballite-zircon-wollastonite of this ternary system 
(1436ºC) in our multicomponent glaze must be significantly lower. Then, the presence 
of wollastonite at 1220ºC is thus feasible. In the case of the FZr sample, the hardness 
value also increases with respect to the frit and it was similar to the FSZr sample, 
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although the standard deviation is higher. Dispersion is an important factor in hardness, 
because a bad dispersion would produce a gradient in the hardness values. Similarly, 
toughness also increases in both, but it increases twice in the case of sample FSZr. This 
is most likely due to their needle-like shape zircon particles network.  
The evolution of the loss volume values corresponding to wear test for Fr and FZr 
samples suggests that the wear mechanism in both materials seems to be similar. The 
worn surface shows evidence of cracking and pullout (Fig 6). Oppositely the wear rate 
and the wear mechanism in the FZr and FSZr samples which have the same amount of 
zircon are totally different. Better dispersion and needle-like shape zircon single crystal 
grains in the FSZr sample result in higher values for both toughness and hardness, with 
a lower statistical dispersion, preventing to a greater extent the formation and 
propagation of cracks in the material. In this sense, the main operating wear mechanism 
is abrasion which is consistent with the data obtained from wear rate (Table I). Sample 
FZr has a higher toughness than crystalline glaze in located areas, but the formation of 
cracks is not inhibited due to uneven distribution of zircon particles, and thus these are 
formed and propagated through glass brittle matrix material. Because of this, the 
formation of microcracks in wear track facilitates the removal of material and therefore 
increases wear rate with respect to FSZr sample. 
Opacification is determined by small particles light scattering. In this regard, Rayleigh 
scattering regime, which corresponds to particles much smaller than the wavelength is 
the optimal one. Moreover, this scattering increases with the square power of the 
refractive index contrast
24
. In this sense, zircon and preferentially zirconia, which have 
very large refractive indices (n=1.94 and 2.16 respectively) and a small particle size 
become very efficient scatter centres and consequently good opacification agents. In 
addition to whitening or opacification, the inclusion of zirconia and zircon particles is 
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able to raise the effective refractive index, and consequently the reflection coefficient. 
Refractive index measurements reported in Table II show that the FSZr sample presents 
the largest increase of the refractive index in comparison with that of the frit (larger 
refractive index implies larger reflectivity), which suggests that this opacification 
method produces zircon and/or zirconia particles perfectly embedded into the glassy frit 
without bubbles, cracks or any other imperfections which could reduce the effective 
refractive index,. The CIELAB luminance labelled as L*, the parameter which takes 
into account the diffuse reflecting power, increases for larger values of n. FSZr sample 
presents a very high L
*
 value and better than the commercial containing zircon glazes.  
Consequently, it can be inferred that Sepiolite-ZrO2 sample introduce a larger added 
value than the one containing commercial zircon, or even higher than other glazes 
reported in literature with similar zircon content
15,25
. 
 
Conclusions 
 
The following conclusions can be drawn: 
- It has been proved that by the addition (15 wt%) of sepiolite-nZrO2 (50 wt%) to a 
commercial transparent ceramic frit, an arrangement of needle-like zircon single crystal 
( 1 µm) is formed in-situ during the firing cycle at 1220 ºC. 
- The wear rate of the obtained glaze was found to be 4 times lower than the one 
corresponding to a conventional glaze with a similar fraction (11wt%) of zircon sand. 
- The toughness (KIC) of the obtained glaze (0.9±0.09 MPa.m
1/2
) was found to be almost 
twice the one corresponding to commercial transparent one (0.5±0.08 MPa.m
1/2
). 
- The L* values (opacity) and reflectivity of the obtained glaze was found to be 94 vs 90 
for the frit with commercial zircon. 
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FIGURE CAPTIONS 
 
Fig. 1. XRD powder patterns corresponding to:  a) Sepiolite, b) Sepiolite-ZrO2 
precursor, and c) Sepiolite-ZrO2 calcined at 900ºC. Arrows show the peaks of tetragonal 
zirconia phase.  
 
Figure 2. TEM micrographs of sepiolite with zirconia sample calcined at 900ºC with 
different magnifications. 
 
Figure 3. XRD patterns corresponding to: a) Fr, b) FZr and c) FSZr glazes. Circle and 
arrows show wollastonite and zircon peaks respectively. 
 
Figure 4. SEM micrographs showing the microstructure of the samples containing 
zircon after chemical attack with HF: a) FSZr, b) close up of the zircon single crystals in 
FSZr, c) FZr and d) close up of the zircon commercial particles in FZr. 
 
Figure 5. Wear track 3D image provided by profilometer in: a) Fr, b) FZr, and c) FSZr 
samples. Wear rate of the different glazes is shown in figure d). 
 
Figure 6. SEM micrographs corresponding to the worn surface of: a) Fr, b) FZr and c) 
FSZr samples. 
 
Figure 7. Vickers hardness (a) and fracture toughness (b) of glazes. 
 
 
 
 
Figure/table captions
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TABLE CAPTIONS 
Table I. Volume loss and wear rate values (W) obtained for Fr,FZr and FSZr when slid 
against pure alumina ball (S = 1500 m, FN =6N, V=180 r.p.m.). 
 
Table II.Optical properties of samples. L*: stands for luminance, n: refractive index and 
R: normal specular reflectance. 
 
TABLES  
 
 
Sample ∆ volume (mm3) 
Wear rate 
 (mm
3
/Nm) 
Fr 0.40 4.90E-05 
FZr   0.35 4.32E-05 
FSZr 0.10 1.25E-05 
 
Table I. Volume loss and wear rate values (W) obtained for Fr,FZr and FSZr when slid 
against pure alumina ball (S = 1500 m, FN =6N, V=180 r.p.m.). 
 
 
 
Sample L* n R (%) 
Fr 67.71  1.5287 4.4 
FZr 90.05 1.573 5.0 
FSZr 94.05 1.5887 5.2 
 
Table II.Optical properties of samples. L*: stands for luminance, n: refractive index and 
R: normal specular reflectance 
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